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Individual wave groups were identified by an analysis of 
digitized wave records. The analysis technique is based on 
a comparison between short-term variance and wave record 
variance. Once wave groups were identified, wave parameters 
of interest were then derived. Analysis was performed on 358 
wave records obtained from a Waverider buoy covering a wide 
mage ot height, period, and steepness. Statistical re!lation-~ 
Ships between the parameters obtained were determined for al 
wave groups, and for selected extreme wave groups. If was 
memo that as the relative energy of The group increases The 
moe r Of waves per group increases, and the average qroup 
period approaches the spectral peak period. Wave steepness 
meemomOwn, nmowever, not To depend upon The group energy. 
Groups from low steepness wave records tend to contain larger 
numbers of waves. IT was also shown that the height of the 
Single highest wave in @ group tends to approximate the 


mot ticant height of the wave record. 
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INTRODUCTION 


A visual observation of the sea surface reveals that it 
Seem gnliy complex and irregular surface. The fact that 
most waves have no apparent relation to or dependence on 
each other has prompted most studies or analyses of the sea 
Surface to be statistical in nature. This type of approach 
has been necessary for lack of a better one, but it has also 
been highly successful in enabling the mechanisms of ocean 
waves To be understood. 

Visual observation also shows, however, that ocean waves 
commonly appear in packets or groups. These waves are 
quasi-periodic and although the wave heights are not equal 
they have been shown to be dependent on each other (Rye, 
1974). The existence of wave groups has been known to sea- 
faring men for many years. Out of their experiences have 
come folk lore including the saying that "every seventh wave 
Beene largest," and an old Icelandic saying that "large 
waves rarely come alone.” The fact that the phenomenon of 
wave grouping has been known and respected by sailors for 
ages makes it all the more surprising that it is only In 
recent years that wave groups have been systematically 
Studied. 

The economic impact of wave groups is only now being 


mea! ized. It is recognized that groups of waves, not 





necessarily large, may be damaging. Some of the engineer- 


Suemeoroblems that have been found to be related to wave 


meeps are the stability of rubble-mound breakwaters, the 
mowed rit? osciilarions of moored floating platforms, the 
meemieity Of Ships underway, and induced seiching in harbors 


Or Days that may cause damage To moored craft and in extreme 
Soman! ons may be responsible for local flooding. Design 
approaches today do not generally take wave group charac- 
Memes tics into account. 

Two approaches have been conventionally employed in the 
analysis of wave groups. The first involves using a 
wecmelstical theory of runs while the second consists of 
examining the statistics of wave envelopes in relation To 
Meer specira (Goda, 1976). Among those working on The 
distribution of the lengths of runs with simulated or actual 
wave data have been Goda (1970), Wilson and Baird (1972), 
Bememe19/4), and Sitefert (1976). Ewing (1973) and Chou (1978) 
have worked with the application of wave envelope statistics 
to wave groups. Mollo-Christensen and Ramamonjiarisoa (1978) 
recently proposed a non-linear model for wind waves in 


which "envelope solitons" or groups of Stokes waves propagate 


at the same speed for all frequencies rather than obeying 
a linear frequency dispersion relation. 
eOuincimmeumhead tfunning Through all of These sfudies 


is that they employ power spectra generated by Fourier 


Transform techniques. Non-spectral analyses have been 





relatively few tn number probably owing to the success that 
spectra! techniques and methods have enjoyed. Hamilton, 
musing Donelan (1979) have recently proposed a simple 
fom=spectral statistical model with decoupled wave groups 
That improves spectfra!l estimates of real or laboratory wind 
waves. Thompson (1972), Smith (1974), and more recently 
sedivy (1978) have devised a non-spectral Technique for 
identifying wave groups and then generating wave group 
statistics of interest. 

This study utilizes the method used by Sedivy (1978) 
whereby a computer program analyzes digitized wave records 
by means of an rms smoothing filter. This filter employs 
a running short-term variance compuTation. The resulting 
smoothed record its then the basis for identifying indi- 
vidual wave groups from which various wave-group parameters 
of interest are obtained. Relationships are examined 
beTween wave-group parameters, and between wave group and 
wave record parameters. Possible relationships between 
Memwer spectra and wave-group and wave-record parameters 
are examined. The relation between tndividual waves and 
The power spectrum is also examined. 

it is hoped that the statistics generated in this study 
will be of use to the engineer, and when looked aT tn 
Somjunction with the results of others will help provide 


The basis for theories on ocean wave groups. 





Fitwwveere Geaeure DETERMINATION 


SyeeeveveE GROUP CONSIDERATIONS 

memmentioned, the most popular approach af present for 
waveform or wave group analysis is to work in -the frequency 
domain, or in other words, with power spectra. The basis of 
This type of analysis has its roots in the assumption that 
ocean waves are composed of a linear summation of an 
Diemmite number of simple sinusoidal waves of infinitesimal 
amplitudes and random phases. Ocean waves can then be 
meeaned aS a normal or Gaussian process. Longuet-Higgitns 
(1952) showed that ocean waves of narrow-banded spectra 
have a distribution of wave heights That are approximated 
Meee RaY|eCigh distribution. Goda (1974), and Chakrabarti 
and Cooley (1977) have shown that the Rayleigh distribution 
holds or at least ts a good approximation even if the 
process is not narrow banded. Other investigators, 
Forristall (1978), disagree and have put forward evidence 
memenOow that tne Rayleigh distribution is not a good 
approximation for wide banded processes. They have not, 
however, suggested or theorized a better approximation or 
aeeoar i bution. 

The non-spectral approach operates in the Time domain 
and generally proceeds on a wave-by-wave basis. fhe 


mvantiage of this method is that it includes non-linear 





eeereets nOt accounted for by spectral analysis. [tT does, 
however, have the disadvantage of using more computer time. 
iimemiime series analysis, as will be shown, has difficulty 
Seaiing with the trregularity in height and period of ocean 
waves, while spectral methods handle this problem quite 
well. 

Although this study uses basically a non-spectral 
method of analysis to determine wave group boundaries, a 
Spectral analysis was performed to obtain certain wave 
record parameters to assist in the Time series analysis. 
Thus, the irregularity and the non-linear character of 
waves should both be taken into account by This combination 
of the two methods. The spectral analyses also enabled 
wave group parameters and individual wave parameters to 
be related back to the spectral analyses themselves. 

Time series analysis can be performed with either an 
analog wave record, which shows all instantaneous sea 
Surface elevations, or with a digitized wave record which 
shows sea surface elevations at time intervals equal to a 
fixed sampling rate. Analog wave records must be analyzed 
by hand, unless they are digitized after the fact, while 
digitized wave records lend themselves easily to computer 
analysis. 

This study utilized wave records that were digitized 


aaraeewere computer analyzed using the standard zero-upcross 





technique. Here, a wave is defined between two successive 
upcrossings of the wave record with respect to some 
memmerence level. the reference level is taken to be the 
feoemewarer level of the record. As shown in Figure |, the 
wave period is defined as the time interval between 
Successive upcrossings while the wave height is defined 

as the vertical separation between the highest and the 
lowest point of the wave record between successive up- 


mieoesings. 


peeve: GROUP DEFINITIONS 

As mentioned previously wave groups are an ocean surface 
phenomenon that is readily apparent To even the most casual 
observer simply because They represent an orderly succes- 
Sion of wave heights and/or periods against a random back- 
ground. Even with this being the case, however, there is 
aoe yet NO common agreement On how wave groups should be 
defined. 

Many definitions of wave groups are in the literature. 
Most employ readily identifiable wave parameters to define 
wave-group boundaries. Among the many definitions in use 
are the largest height of a wave in a group, the height 
which a sequence of waves exceed, the number of successive 
waves, the periods of successive waves, and the time that 
The envelope of a wave record (with the envelope having 


maemplrous definitions) exceeds a certain level. The method 





of definition used by Sedivy (1978) used a new approach 
wherein the energy content of the wave groups was the 
decisive parameter. 

The basic premise used by Sedivy (1978) and in this 
Study is that the energy itn a wave record is proportional 
TO The variance of the wave record. The record variance 
can be calculated from a time-domain analysis or from a 
frequency-domain analysis. The energy of a simple 
Sinusoidal wave can be shown to be proportional to the 
Pomore, Of the height of the wave. Moreover, Michel (1968) 
States that if the wave field is thought of as the sum of 
an infinite number of component waves of small amplitude 
then the energy of the wave field may be considered to be 
proportional to the sums of the squares of the heights 
of those component waves. Thus energy, variance, and wave 
height are related, and if one can evaluate one of these 
G@Uaenrities then the other Two are obtainable by a pro- 
Per ronality factor. 

lf the concept is kept in mind that a wave group is 
essentially a succession of waves which are not random and 
in general whose heights are larger than the Surrounding 
waves, then wave groups may be thought of as packets whose 
energy content is greater than that of the surrounding 
wave field. Over a short period of time, then, the variance 
of the wave groups will also be larger than the variance 


Seeerme wave record as a whole. 





The wave record is then analyzed by using a window of 
short duration to look at portions of the wave record. 
The window slides along the wave record at a rate equal to 
meemarcitizing rate, and at each stop the short-term 
mamemce is calculated and plotted at the midpoint of the 
window. The result of this process is illustrated in 
Figures 2 and 3, where the wave record is shown in the 
Bontom of the figures and the corresponding short-term 
variance waveform is shown in the top portion of the 
figures. Those areas under the short-term variance curve 
That lie above the variance of the wave record (a straight 
line) denote areas of higher than wave record energy, and 
hence possible wave groups. 

Ir is noticeable, however, that those areas where the 
short-term variance waveform crosses the record variance 
do not often correspond to zero upcrossings of the wave 
@eeoerd itself. Realistically and statistically it does not 
make sense to think of a wave group as being anything else 
Than a series of whole waves. Thus, the short-term variance 
waveform cannot be used by itself to define wave groups. 
The definition of a wave group was expanded so that when 
the boundaries are set on the wave record by the variance 
waveform analysis, they are then moved away from the center 
of the wave group to the first zero upcrossing in each 


direction. This is shown graphically in Figure 4. 





Two additional restrictions were imposed on the placement 
of wave group boundaries. The first restriction is that a 
wave group must have at least two waves, since one wave was 
not considered to constitute a group against a random wave 
field. The second restriction is that wave groups identified 
as above must be separated by at least one-half the width 
of the window. Where this condition was not met by two suc- 
cessive wave groups they were treated as one wave group. 

This restriction was necessary to prevent the possiblity of 
one wave being included in two separate wave groups. 

Thompson (1972) and Smith (1974) have shown that the 
average period of the waves in a group closely approximate 
The period of maximum energy density in a wave record, or in 
Samer words the spectral peak period. Sedivy (1978) used 
mmpeeceriis value for the length of the short-term sliding 
window after experiments on artificially generated wave 
records showed it to be an optimum value. Experiments on 
meme! wave records for the purpose of this study confirmed 
mameeenoice of length for the sliding window. 

ln this study experiments were conducted by varying fhe 


mema@ew length in fracfions and multiples of the specfTral 


peak period. It was found that large energy groups were 
identified by al! windows and that the number of waves in a 
group was seldom affected by window lengTh. ln groups with 





Somer eneroy, however, the number of groups itn a record 
varied as the window length was varied, and the number of 
waves in these groups was quite variable. In general as 
the window length was increased the number of wave groups 
decreased. The window lengths experimented with ranged 
from one-half to four times the peak period and over This 
range the number of wave groups decreased by 50%. This 

was accompanied by some increase in the number of waves 

per group. A window length of twice the spectral peak 
period was therefore used in this study since if tdentifies 


all the large energy groups. 
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eee een ne OUlISITION, SELECTION, AND ANALYSIS 


Wave records analyzed in conjunction with this study were 
provided by the Coastal Engineering Data Network (CEDN) which 
is sponsored jointly by the California Department of Naviga- 
Tion and Ocean Development (CDNOD) and the U. S. Army Corps 
of Engineers. Additional funding support is supplied by The 
Omiversity of California Sea Grant Program with Scripps 
Peet !On of Oceanography providing overall direction for 
fmmemactual data collection program. 

The wave records received from CEDN were recorded from 
a Datawel!l Waverider accelerometer-type buoy anchored in 
approximately 30 fathoms of water. The buoy was installed 
mame J. S. Naval Postgraduate School under contracT wiTh 
PENOD, and is located, as shown in Figure 5, on the open 
Somminental shelf approximately four nautical miles souTth- 
southwest of the Santa Cruz Point light at 36°53.48!' North 
and 122°03.22' West. The wave record data were received 
MmeomecEDN on magnetic tape digitized at a sampling rate of 
one second. The wave records gave an instantaneous sea level 
at one second intervals with respect To a mean water level. 
The mean water level used was the average of all sea 
Surface elevations in the wave record and was assumed not 
memchange significantly over the duration of The record. 


Been Wave record contained 1024 data points (approximately 


Z| 





I7-minute duration) with a record generally being recorded 
synoptically every ten hours. The wave records used in 

this study were selected from data recorded over a ten month 
meeod trom June 1978 through March 19/79. 

CEDN regularly publishes a spectral analysis of the wave 
@eeonrds Obtained each month tn both a graphical and tabular 
mormar aS shown in Figure 6 and Figure 7, respectively. 

The wave records used in this study were selected from a 
review of the published CEDN data on the basis of displaying 
one main and easily distinguishable spectral peak. Only 
wave records with unimodal spectra were considered. MultTi- 
modal spectra present some complications in the selection 

of a suitable window length, and it was considered best to 
examine the properties of wave groups in clearly unimodal 
Seetrra tirst. Thus, individual wave records were iniTially 
selected if they displayed more than 30% of the energy in 
mae and Only one, of the CEDN tabular printout spectral 
@emod bands. This limit was arbitrarily chosen fo ensure 
That only one prominent energy peak occurred in the spectra, 
but yet was not so restrictive that only a few wave records 
would be considered in the study. 

CEDN furnished 695 wave records and they were initially 
Searched for single-peaked spectra satisfying the criteria. 
Approximately half, or 338 of the records, were found to 


possess the unimodal spectrum desired. These 338 selected 


ZZ 





records, the characteristics of which are shown in Figure 10, 
were analyzed on an |BM 360/67 computer both spectrally and 
non-spectrally. Examples of the spectral analysis are 
Shown in Figures 8 and 9. This type of analysis was per- 
fmeremeae in part tO obtain better resolution of the spectral 
peak period than is possible from the two-second period 
bands provided in the CEDN analysis. 

The non=-spectral analysis of the wave records utilized 
the definition of a wave group, as previously defined, To 
identify wave groups in the wave records and to then compute 
The various wave record and wave group parameters desired 
fone statistical portion of the study. Out of 338 wave 
records 5598 wave groups were so identified and the 
pertinent statistical parameters generated. 

The wave data analyzed in this study may be classified 
in terms of relative depth as deep water waves or interme- 
diate water waves for the wave record spectral peak 
periods of interest (four to 18 seconds). Although waves 
with periods greater than nine seconds have begun To shoal 
at the location of the wave recorder (30 fathoms), The 
Shoaling coefficient varies only between 0.91 and |.00. 
Accordingly all wave records effectively contain deep water 
waves, and the statistics generated from these records are 


Presumably applicable to the open ocean. 
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f¥V. WAVE RECORD AND WAVE GROUP PARAMETERS 


The wave record and wave group parameters that were 
either utilized or examined in this study are defined below. 
Definitions previously used by other authors or definitions 


mci are im common usage are used whenever possible. 


pemeeeavye RECORD PARAMETERS 

meee opectral Peak Period: Tp 

The spectral peak period of a wave record, as pre- 

feerory mentioned, is that period in the wave record that 
represents the maximum energy concentration. Sedivy (1978) 
ieadean interpolation technique to arrive at Tp to the 
nearest second from the two-second bandwidths given in The 
meenespectral printouts. ln the present study Tp was taken 


as that period corresponding to the frequency of the 


spectral energy peak obtained from independent spectral 


analysis of the CEDN wave data. Because of the variation 
in the resolution of Tp Bee Tile wmangemor wave record 
periods dealt with, Tp was taken, for all records, to The 


nearest whole second. 
Zz. RCeoOmaydielance: Yip 
As previously discussed, the variance of a wave 


record is a measure of the energy in the wave record and is 


Bereated TO the heights of the waves in the record. The 
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Variance can be determined by integration of the power 

Beeerr um tO Obtain the area under the spectral density 

mere, Or it can be calculated directly from The digitized 

sea surface elevations. The latter method was chosen for 

Two reasons. First, estimates of variance calculated from 

the time series analysis performed for this study were 

approximately the same as the variance value from the CEDN 

Spectral printouts and from the independent spectral analysis 

of CEDN wave data. second, the sea surface elevation 

method was easily tncluded in the wave group analysis 

program at little cost of computer Time, and more 

iegeieeanktliy, is consistent with the group statistics 

memerartred by That program. 
Eeeeoignificant Height: He 

The significant height of a wave record is defined 

as the average of the highest one Third waves in the wave 

record, and was calculated from the record variance, Ve: 

4. Wave Steepness: Gp 


As defined in Table |, the steepness parameter for 


spectrum waves, using Hp anid: i may be defined in an 


R? 
analogous way fo the steepness parameter for monochromatic 
waves. The steepness parameter can be used to generally 


identify the kind of waves present in the wave record in 


maems Of Their relative age, |.e., sea, young swell, 
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moderate swell, old swell. Thompson and Reynolds (1976) 
State that since swell steepness diminishes with increasing 
Travel distance from the generating area some measure of 
the steepness of the wave field, Gps can be used for the 
purpose of estimating relative age and thus the approximate 
swell distance. The wave steepness parameter is used in 
This study to determine whether the wave records analyzed 
are primarily composed of sea or some type of swell, and 
whether this has some relationship to grouping among the 
waves. Figure 10 shows the distribution of wave steepness 
among the 338 wave records analyzed, and shows that with 
jTaeeexceotion of the old swell band, the wave records 
are almost evenly distributed over the range of wave age. 
wee cord Group Duration: Dp 
The record group duration is defined as The total 
moun: Of Time that groups are present over the length of 
The wave record. It is determined simply by summing the 


mmeamrons Of the individual groups, excluding partial groups 


Hrunceated at the beginning or end of the wave record. 


oeeeewaye GROUP PARAMETERS 
Pmeeewave Grotip Duration: OD 
Mewece gpoupmaurarion is The @interval of Time That a 
wave group is present, to the nearest second, as determined 
by the wave group analysis described previously. It is 


measured directly from the wave record. 
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2. Number of Waves per Group: No 
This ts the number of whole waves in a wave group 
eecairartion 0D, and by definition is two or more. 
Bee Wave Group Period: To 
irom noupe ber | Gomis defined as The average period 
of the individual waves that compose a wave group. One of 
the distinctive characteristics of wave groups is that the 
constituent waves tend to be periodic, and To will thus be 
an approximation of this characteristic. pease cae ui- aed 
by dividing the wave group duration by the number of waves 
in the group. 
4. Average Wave Group Variance: Vie 
The average variance of a wave group is a measure 
of the average energy contained itn the wave group and thus 
Is another group parameter of interest. Uioice ee cilia 1 ed 
by Taking an average of the short-term variance values over 
The length of the wave group from initial to terminal zero 


Upcrossing. 


eeemecight of the Highest Individual 
Wave in a Group: Ay 


This parameter is defined simply as the height of 
Tne single highest wave that occurs in a wave group. bales 
calculated by the zero upcrossing method (as are all 


individual wave heights in this study). 
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Seeeeeve GROUP TO WAVE RECORD PARAMETERS 

Three wave group parameters were normalized by taking 
miemratio Of The group parameter to the corresponding 
Pecord parameter. This allows the group statistics of 
one wave record to be compared to the group statistics of 
other wave records. 

|. Wave Group Variance to Wave Record Variance: V/V 


G 


This group/record parameter is the basis for the 


R 


definition of the wave group, as discussed above; i.e. 

where Va/Ve is greater than one a potential wave group 
exists. As will be seen in the data, some wave groups have 
a Vo/Vp value of less than one. This is explained by the 
fact that the wave group boundaries are moved outward to 
include a whole number of waves (Figure 4). This means that 
Pomeearoups with smal | Vo/Vp peak values and small numbers of 
waves that if is possible for more of the short-term 
Variance curve to lie below the record variance curve than 
eoeve it. As both Ve and Vip are measures of energy, their 
moni! s a Gimensionless measure of energy in the group. 
Thus, the higher the value of Ve/Vpe» the more energy the 
group contains relative to the wave record. This parameter 
was investigated as it seems reasonable that the more 

energy a group contains relative to the wave field surround- 


ing it, the more important is that wave group. 
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meee wave Group Period to Spectral Peak Period: TQ/Te 
mionesome wee zemwomith Cl974), Thompson and Smith 

(1974), and Sedivy (1978) investigated the relationship of 
Te and Tp: The first Three of these papers report that the 
meme ge group period and the spectral peak period are 
essentially equal in a wave group. Sedivy (19/78) found 
a tendency for Te/Tp TomcoMimoOachea value Of one but not +o 
the degree That earlier researchers have found. This 
parameter was included, in part in the present study, to 
emeene1nis relationship for essentially deep ocean waves; 
earlier findings were obtained from waves in shallow water 


recorded by bottom-mounted pressure sensors. 


Seeeenighest Group Wave Height to Significant 
Wave Height: Hy / He 


pedivy (1978) found Hf He to be strongly dependent 
omer GrOup or record parameters, and This parameter was 
Pemuded to help validate those results and look for 
possible relationshipS among parameters not considered 


previously. 
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(ere o ANDO INTERPRETATION 


SeeeennaAlLYS!S SCHEDULE 

All wave group and wave record parameters examined in 
imioestudy have been defined previousty. Given the large 
number of possible relationships between them, a systematic 
imed Of examinafrion was called for. To facilitate this 
analysis Table !!] and Table II! were constructed and used 
as guides. As is shown in each table, a matrix was con- 
structed with all relevant parameters represented (the 
relationships examined are illustrated tn the figures 
indicated). The possible relationships that are crossed 
mimeecise Cither redundant or tlttogical. Table Il represents 
analyses for all of the wave group data, while Table III 
illustrates the same analyses for extreme wave groups only. 

The data parameters To/Te, Vo/Vp; Hy/He» and Ge were 
divided into bands of values. This alternate view of data 
parameter distributions was adopted due to the wide range 
Of values possible for each parameter. The band divisions 
were chosen either on the basis of definitions already tn 
use (i.e., wave record steepness) or to ensure an even 
distribution of variables in the bands. 

All possible relationships in this study were illus- 
trated by means of frequency of occurrence graphs. As will 


be seen there are two graphs for each relationship, a 


50 





Metecenrage distribution curve or histogram, and a cumula- 
levee percentage distribution curve. Each type of curve 
has its own advantages and disadvantages in bringing out 
the details of each relationship. 

The cumulative distribution curves were used to 
extract quantitative statistical measures for each distri- 
bution. Many of the curves approximate a norma! distribu- 
miOn) . [If the distributions were normal then the cumulative 
50 percentage !evel would represent the mean and the 
cumulative 16 and 84 percentage levels would approximate 
The first standard deviation about the mean. By analogy, 
the median of the actual distributions was used to repre- 
sent the central tendency, and the cumulative 20 and 80 
percentage levels were used as an approximation, albeit 


@euae, for the first standard deviation distribution about 


the mean. fiero Study, The approximation for the first 
standard deviation will henceforth be referred to as The 
standard deviation for all curves examined. The median 


and the standard deviation (presented below in tabular 
format) allows rapid and convenient examination of The 
Many distributions that are graphically presented. They 
mumeorecnabiec one graph to be compared fo another graph or 


to another parameter band of the same graph. 
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eeeeeeLL WAVE GROUPS 
meee requency Distribution (graphs) 
el No 


The distribution of the number of waves per 


meoup fOr all 338 wave records is shown in the histogram 
Of Figure I1A and in the cumulative percentage distribution 
Of Figure |11B. The modal number of waves per group is 


Three, while the median falls between three and four waves 
per group. The standard deviation ranges between two and 
Six waves per group. The total range of values of waves 
per group is from the defined minimum of two to a single 
group maximum of 28. 

The number of waves per group as a function of 
cual femas is tilustrated in Figures I2A and /I28. All 
T./TR bands closely resemble the distribution shown pre- 
meoeshy fOr ail groups (Figure IIA). The large variability 
of the lowest To/T, curve is due to the small sample size 
Of The band. The cumulative percentage curve best shows 
Tne similarity between the distribution of No for all wave 
@reups and for groups falling within the given To/Tp bands. 
meeelso Shows That there is no order or gradation among The 
To/Tp bands. These two sets of curves indicate that there 


is no dependency of N.~ on To/Tp- Regardless of whether the 


G 


meoup period is less than, equal to, or greater than The 


Spectral peak period, No retains the same distribution. | 
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The histograms and cumulative percentage curves 
ols No Manwenespect fo relative energy, or Vo/Ve bands, are 
Shown in Figures I35A and |3B respectively. The most 
Striking feature of the histogram is that as the relative 
S@emay in a group increases (i.e., as the Vo/Ve band value 
increases), the peak value or the value at which the number 
of waves per group most frequently occurs shifts to the 
right toward larger values. The modal number for the 
lowest VG/Vp band is two, while for the highest Vo/Vp bands 
it is five or six waves per group. The shape of the curve 


also changes as ee increases; the curve becomes less 


R 
peaked and the percentage frequency of occurrence of The 
peak decreases. The curve widens as it flattens, and a 
greater total range of values occurs for the higher Ve/ Vp 
Dands. the latter features can also be seen on The cumula- 
Tive percentage curve. The standard deviation effectively 
doubles from lowest to highest Ve/Vp band. The number of 
waves per group !s plainly seen To be related to the 
relative energy that the group possesses. The greater the 
Pelative energy that a group contains, the greater is The 
average number of waves in the group. 

Figures I4A and |14B are the frequency of 


Meeurrence graphs for N, as a function of Hy/H the ratio 


G ne 


of the highest wave per group to the significant height of 


the wave record. The curves for N, for the Hy/He bands 
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given show similar characteristics to the curves discussed 


above for No aoa stunetion of Vo/Vp panidice of 4S) the Hy/ He 


Dands increase in value, the peak occurrence of No decreases 


memeeerecentage value and shifts to the right from two to six 
Or seven waves per group. While the curve flattens and 


Spreads out as Hy/H increases, the range of standard 


R 


deviation approximations also increases in magnitude; the 
increase being from less than two to two waves per group 
for the lowest Hy/He band to four to ten waves per group 


for the highest band. The similarity between N.~ for Hy/ Hp 


G 
and Va/Vp bands is evident as stated (compare Figures I3A 


meen), and logic would dictate that fhis indication of 


a relationship between Hy /H and Vo/Vp is to be expected. 


R 
He and Ve are statistical measures that should be proportional, 
and ratios that contain these two parameters should also be 
Meeiportional. thus, the higher the energy content of a 
group the generally higher should be the waves in the group, 
including the largest wave Hays and the number of waves That 
The group will possess should be larger. 

ime distribud ron of No with respect to wave 
steepness, and hence relative wave age, shows similarities 
meerne distribution of No TOR ec MGromos Ur rdure —ftA?, but 
meme some important differences. Figure I5A shows that The 


curves for all four steepness bands are very similar to 


each other. All are peaked at three waves per group, 
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although the maximum frequency of occurrence decreases as 
Peeve STeeCpness decreases. the most significant difference 
between steepness bands, however, is best seen in the 
meerermery sequence of the cumulative curves of Figure |I5B. 
The median number of waves per group is seen to increase 
from three to approximately five in progressing from sea 
to old swell. The standard deviation varies from a range 
of two to five waves per group for high steepness waves to 
two to eight waves per group for low steepness waves. The 
total range of N~ values also increases as steepness decreases. 


G 


Thus, the greater the wave age the greater ts the probability 


of wave groups having a wider range of Noe and the 
probability itncreases sightly of there being more waves 
per group. This seems entirely reasonable when one views 


seas as generally having wider frequency and direction bands 


compared to swell that have propagated over long distances. 
Di. To/Tp 
The To/Tp ratio for all wave groups is shown in 


meoure |6A and is an approximately normal curve with a peak 
value at To/Tp of approximately 0.90. This value is a 
Memale less than |.00, which would be the value of To/Tp 

if the average group period was the same as the spectral 
peak period as shown by Thompson and Smith (19/74). The 
overall range of To/Tp Volwes ss othOm aporeoximarely 0.50 To 


meezo. the cumulative percentage curve in Figure I6B shows 
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that the standard deviation has a small range in value 
meee. /> tO 1.10 about the median of 0.90. Thus, the 
probability of getting a value of TQ/Tp much different 
meom one is small. 

[hemireaquency Of occurrence of To/Tp as a 
function of relative energy, expressed by vere bands, is 
shown in Figure I7A. The distributions for all sitx Vo/Vp 
bands are approximately normal, but with several interest- 
Ing differences between them. The peak frequency of 


Seecurrence of T/T iieheases as sine VQ/V bands increase 


R 
In magnitude. Also, the value of To/Tp for the peak shifts 


R 


emonimly to the right from 0.90 to |.00 as VG/Vp increases. 
Figure I17B shows that the smaller the magnitude of the 
Pep band the more probable is a slightly wider range of 
TQ/Tp values. Thus, the higher the relative energy content 
of a group, the more probable it is that the To/Tp value 
will be close to the peak value and also that the peak 
value will be close to one. Therefore, the tendency among 
high energy groups is for the average group period to 
approximately equal the spectral peak period. Since Tp ls 
jmexed fOr a wave record, this means that for low energy 
groups the average period will be more variable and wil 
likely be less than Tp. 

The To/Tp Gulesania ilu | Oinmbny Hy/He bands is illus- 


mmmeea in Figures I|8A and I8B. Al! curves with the 
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exception of the lowest Hy/ Ae band are approximately normal, 
and are centered about a median To/Tp value of about |.00 
(Figure 188). It may also be noted that as Hy/ He increases, 
the probability increases that To/Tp omer Erauice an). 
The curves for the lower Hy/ He bands have quite irregular 
peaks and they also possess a larger standard deviation. 
AS was the case for No» The frequency of occurrence curves 
Oi To/Tp nore DO Th ee and Hy/ He bands are similar. 

The effect of steepness on the To/T. diste tb ton 
[Ss shown in Figure I9A. All four curves approximate a 
formal distribution. The peak percentage values are 
approximately equal, as ts the total range of To/Tp values. 
freis ObVious, however, that To/T. is a function of steepness, 
as the distributions show a progressive march to the right 
oT To/T. as the steepness increases. The band correspond- 
ing to tow swell (Gp < 1/250) peaks between To/Tp values of 
0.60 and 0.80, while the band corresponding to seas 
my i2 < Ge < 1/40) peaks around |.10. The cumulative per- 
centage curves are shown in Figure I9B. With the exception 
of the highest steepness band, the three remaining curves 
are very parallel to each other and the values for The 
Standard deviation are approximately the same. The greater 
the steepness of a wave record the more probable it is that 


T. will approach T, in value for the wave groups contained 


G R 


im the record. However, there is also a little wider range 
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of possible To/Tp ZOlcemme Ihis IS partly contrary to logic. 


Olid swell of low steepness is expected to have a narrow fre- 
quency band. It would seem likely that the range of To/Tp 
values should thus be small and That Te should approximate 
Tp. Since this is not the case then how can Tp be the period 


of maximum energy density for the record? This question wil 
be looked at again later. 
oe Vo/Vp 

nicmiumecauency Of Occurrence for the ratio of 
eemede Wave group variance To record variance for all 
weeps is shown in Figure Z0A. The curve is noticeably 
positively skewed with a very sharp increase to the left 
of the peak between Vo/Ve values of 0.80 to 1.00. The peak 
Maememoeeccurs at approximately |.10. The sharp cutoff is 


simply explained as due fo the use of VG/V equal to one 


R 
for defining wave groups. lf wave groups were defined solely 


as those parts of the wave record where V.~ was greater Than 


G 


or equal to Ve mice wolld beamo Values of Vo/Vep less than 
one. As explained earlier, however, other restrictions on 
the identification of wave group boundaries allow a smal | 
number of values less than one. The peak occurring aT a 
value slightly larger than one means that most groups have 
only just enough relative energy to be included as wave 


mmouos. there was a wide range of Ve/Vp values found, ex- 


memaing from 0.55 to 3.60. The cumulative percentage curve 
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of Figure 20B reveals that the median value of Vo/Ve is 
approximately 1.20 while the standard deviation about that 
meuiemranges from !|.00 to 1.50. 

Previously described graphs (Figures I3A, |I4A, 
I7A, and |18A) have shown indications of a relationship 
between Ve/Vp and Hy/ Hp: This relationship is illustrated 
in a different way by Figures 21A and 2!1B. All curves with 
the exception of the curve for the highest Hy/H, band are 
aomoximatrely normal. The irregularity of this curve is 
foemresult of a low number of groups in that band. As the 
Hy/He bands increase in value the percentage occurrence of 
The peak Vo/Vp values decreases and the peak itself shifts 
To the right. The curves also become less peaked, more 
flattened, and extend over a wider range in the progression 
Toward higher Hye values. The cumulative percentage curves 
illustrate these observations nicely. The standard devia- 
iapon for Vo/Vp Eamdesetrom 0-90 fo 1.05 for fhe lowest 
Hy/ He 


fee The principal message obtained from these graphs {5 


Band, while for the highest it ranges from |./5 To 


That the greater the relative energy in a group, the more 
likely is the chance that Ay will exceed Hp» and by a 
Greater amount. It is also evident that the higher the 
value of Hy/ He» the wider is the range of values possible 
O17 Vo/Vp- 

The Vo/Vp values plotted for steepness bands 


Zemecnown im Figures 22A and 22B. All four curves are very 
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Meamy statistically identical, and it is clear that wave 


\ 
m: MeOtrner Words. Va/V 


will have the same distribution among wave groups regardless 


steepness does not affect Vg R 
of the age or distance traveled of the waves in the wave 


record. 
a. Hf He 
Mewaistribution of Hy He for all wave groups 
Pemenown by Figure 245A to approximate a normal curve with 
mememmeclose to 1.00. The total range of Hye values is 
aommeximately between 0.35 and 2.15. The standard deviation 


obtained from analysis of Figure 238 varies between 0.85 


and 1.21. Although a wide range of Hy He values is possible, 


memioesurprising to note that the probability of occurrence 
i's greatest when Hay is approximately equal to Hes That is, 
The highest wave in a group will most frequently equal the 


Siramitficant height of the record. 

The relationship between Hf He and steepness 
feeonown by Figures 24A and 248. The peak occurrence 
percentage values on the histograms are very nearly the 
Same with the exception of the lowest steepness band which 
Seeolightiy higher. The value of Hy He at which the peak 
SBccurs shifts to the right as the steepness of The wave 
record decreases. The cumulative curves also show this 


shift, however, the standard deviation about the median 
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memains nearly constant. The range of values in each band 
also remains almost constant. Figure 21A shows Hy/ Hp and 
Vo/Vp 


feos fo be related. limes cUppr ising, tneretore, to find 


ho be related, and Figure 24A shows Hy He and Gp (steep- 


from Figure 22A that Vo/Vp and steepness are apparently 
unrelated. 

oe Dp 

The length of each wave record was 1024 seconds. 
The duration or the amount of time that wave groups were 
Meesent Over that time interval is shown in Figures 25A and 
Z59B. The histogram appears quite irregular but the 
irregularity is magnified in the graphical presentation 
because of the small duration interval used to generate the 
meweogiam. A best-fit curve drawn to This distribution would 
yield an approximately normal distribution with a mean of 
about 5/5 seconds. Thus, on the average, wave groups are 
Dresent over more than half of the wave record. This ts in 
agreement with the findings of Sedivy (1978). The standard 
deviation ranges from 485 to 620 seconds. 

Z. Statistical Measures (tables) 

Imus far 15 sets (two each) of frequency of occur- 
rence graphs have been presented, described, and discussed 
TOr Various wave group parameters. Jo assist readers in 
Their interpretation, pertinent statistical data on The 
distributions have been tabulated and are presented in 


Table IV A-~E. The sequence of the data is keyed to the 
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Darameter matrix shown in Table II. The first four columns 
memnumerical data in Table |V A-E contain information from 
The respective histograms: the parameter value at which the 
peak occurs, the maximum parameter value, the minimum 
Parameter value, and the total range of parameter values 
(the maximum value less the minimum value). The next three 
columns are the 50, 20, and 80 cumulative percentage levels 
from the cumulative distributions. As described previously, 
These values represent the median and standard deviation 
limits, respectively. The next two columns are the 50 minus 
the 20 cumulative percentage value and the 80 minus The 50 
cumulative percentage value. These two columns when compared 
against each other give a rough idea of the skewness of the 
mpomenrpurion. ihe tast column gives the approximate 


eeeaimaard deviation range. 


Meee A REME WAVE GROUPS 

The frequency of occurrence graphs examined thus far 
have utilized as a data base all 5548 wave groups identified 
in the study. These groups were either examined collectively 
Siem Dands according to wave oui Gre Wwoye FCeCord  Chiarac— 
teristics. The engineer may, however, be particularly 
interested in those groups which are the most likely To 
damage a structure. These may include groups with a large 


number of periodic waves that might induce resonance in the 
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Beemer ure, Or groups containing a great deal of energy whose 
waves of large amplitude are capable of exerting excessive 
imeuea tTorces. 

erm this in mind, a second series of frequency of 
Securrence graphs were generated, with the largest wave 
group itn each wave record being used as the data base. Two 
feams, Of identifying the largest group per record were 
employed. The largest group was first defined as the 
group with the largest number of waves, and secondly as 
the group with the largest Vo/Vp ratio in each record. 


meeeenequency Distribution (graphs) 


ae Largest No per Wave Record 
plicii@es Zon shows the distriodution curve for No 
Peeugeonliy that group in each record having the largest No 
value. The peak occurrence of the 338 records analyzed was 


Puma no be at nine To ten waves per group, with the Total 
range being from five to 28. The curve is approximately 
normal, but is somewhat positively skewed. The cumulative 
Bemcentage curve in Figure 26B shows The standard deviation 
To range between eight and 12 to 13 waves per group. 

Figures 27A and 27B present To/Tp distributions 
for the largest No per wave record. The most striking 
meamures of the histogram are the sharpness of the peak 
Smoamrhe small range of possible values. fhe main peak occurs 


at To/Tp equal to one; however, the median of the distribution 
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is somewhat less than one. The standard deviation extends 
from 0.74 to |.14 and the total range is approximately from 
Semeno 2-10. The distribution shown in Figures 27A and 27B 
meearmost identical to that for all wave groups (Figures 


Me and 168), indicating that To/Tp and N. are independent 


G 
mecor eS. This was also shown in Figures |I2A and 12B. 

The distribution of Vel ie associated with the 
largest No Hepp wave teconrd Is Wllustrated in Figures Z8A and 
28B. The peak occurs at a eG Valero t about |. 607, 
although there are secondary maxima on either side of the 
peak. Ihe distribution is similar to that for all wave 
groups (Figures 20A and 20B), but is clearly displaced toward 
finger Vo/Vp values and iS more narrow-banded as indicated 
fPeecesmaller standard deviation (Tables IV.C and V.A). 

Thus, those groups in the records with the largest number 
Of Waves tend to have higher relative energy values. 


The wimequency Of occurrence of Hy /H with respect 


R 


moO The largest N.~. per wave record is shown in Figures 29A and 


G 
meoreime distribution is approximately normal, with The peak 
being around |.25 and with overall values ranging from 
approximately 1.00 to 2.00. As with Ve/Vp> the distribution 
o f Hy/ He among those wave groups with the largest number of 
Waves per wave record is similar to that for all wave groups 


(Figures 23A and 238), but is displaced toward larger Hy/ He 


Values and is more narrow-banded (Tables IV.D and V.A). 
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iemourves suggest that for groups with large numbers of 


waves, the highest wave in a group will almost certainly 
Seeeeeo The Significant height of the record. In wave 
mecords Of |/ minute duration, Hy will tend to be about 


30% higher than He: 
b. Largest Wel Ys per Wave Record 
[hesiisiTtricution curves for Nop as illustrated 
Boeerogure S0A and Figure 308 for the largest group Vo/Ve 
value per wave record are generally similar to the curves 


momnune largest group N. value per record (Figures 26A and 


G 
26B). However, the peak lies in the range of from five To 
seven waves per group, and the distribution has a slightly 
miegeressiandard deviation. The long tail to the right in 
both distributions suggests that those groups with the most 
waves also have the highest relative energy since it appears 
mmcaieine Same groups make up the tail. 

pidliiscseoln aide olB are almost identical in 
every respect to the corresponding Ta/Tp graphs generated 
for the wave groups with largest No per record (Figures 2/A 
and 278). the description of the latter figures given above 
Therefore describes these figures. 

newdisari out |on OF Vo/Vp for the largest group 
V Me per wave record, shown in Figures 32A and 328, is very 


G 


memielar to that for the largest group N, (Figures 28A and 


G 
288), but is displaced substantially toward larger Vo/Vp 


values. The histogram shows that the average variance of 
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The wave group with largest energy in a record may exceed 
mmemrecord Variance by a factor of more than three, although 


Seeereror Of |.75 to 2.00 is most probable. 


Figures 353A and 338 illustrate the histogram and 
cumulative curves for Hy He associated with the largest group 
Vo/Vp maeerecora. whe distribution is very similar to that 


for wave groups having the largest No per record (Figures 
meeeomd) 298) although it is clearly displaced toward higher 
Hy He values (Tables V.A and V.B). The histogram shows that 
groups having The largest relative energy in |7 minute wave 
records may have Hy/ He values as !arge as two, although a 
mieeerme Oot |.5 to |.6 has the greatest probability of 
occurrence. 
2. Statistical Measures (tables) 

Statistical data on the previous eight sets of 
tTrequency of occurrence graphs for extreme wave groups have 
Been tabulated and are presented in Table V.A-B. The 


Organization of the table is the same as previously used 


(Table IV.A-E), and the same interpretationa!l comments apply. 
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Voie Oe MY 


The purpose of this study was to use a digital analysis 


technique to examine the statistics of selected wave group 


parameters. Wave groups were defined as packets of waves 
whose energy density iS greater than that of the wave 
record as a whole. Wave group boundaries were mainly deter- 


mined by using a sliding window to calculate the short-term 
variance, which was then compared to the record variance 
(variance being proportional to energy). The short-term 
window length was taken to be a function of the spectral peak 
period. The wave group measures of interest were calculated 
for each identified wave group. One set of statistics was 
Then generated using all wave groups and another set using 
Selected extreme wave groups only. The distributions and 
interrelationships of these parameters were represented for 
amemyuical purposes by frequency of occurrence graphs. 

Wave records were obtained from a Waverider buoy moored 
in Monterey Bay on the outer continental shelf. The wave 
records represented deep or intermediate depth waves, and 
covered a wide range of significant height, spectral peak 
period, and wave type (represented by wave steepness). Only 
meve records that displayed a unimodal spectrum were con- 


medered for analysis, and 338 of those examined were chosen 
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for analysis. The analyses were performed on wave records 
having a duration of 1024 seconds (about 17 minutes). The 
Gata base from these records consisted of 5598 wave groups. 
The portion of the study dealing with all groups yielded 
results both interesting and unexpected. lt was found that 
the number of waves per group increases as the relative 
energy of the wave group increases. It was also shown that 
The average group period approaches the spectral peak period 
for groups of high relative energy. The steepness of the 
wave record has no effect at all on the relative energy of 
a group, on the other hand, the lower the steepness (hence 


The greater the distance that the waves have traveled) the 


larger is the number of waves a group will tend to possess. 
igemmeight of the highest wave in a group (Ay) tends to 
mipGoximaie the significant height of the wave record (H.). 


R 


The greater the relative energy (VG/V pe) that a group contains, 
however, the greater is The probability that ay will exceed 


Hp - Although relationships were shown to exist between 
relative energy and Hy/ Hp» and between wave steepness (G,) 
and Hy/ He» no relationship could be shown to exist (or the 
relationship was so subtle as to not be seen) between Gp 
and Vo/Va- 

The extreme wave groups used for statistical analysis 


were divided into two sets. The first set was composed of 


that group from each wave record having the largest number 
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Seeemaves, While the second set contained that group in each 
record having the largest relative energy content. The main 
feature of these two analyses was the similarity between the 
distributions of both data sets for the same parameters. 
mepmouen the distributions were disp!aced to the right or 
left of each other, they were very nearly identical. The 
average group period of both sets of extreme groups was shown 
to approximate the spectral peak period (TA/T 2 = 1), and 

the maximum wave height was shown to substantially exceed 
The significant height of the wave record. i sap Meas S he 1 
Those groups having the largest number of waves were also 


The same groups that possessed the largest relative energy. 
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Table |. Definitions of wave steepness and wave age, 
applicable to deep water only (Thompson and 
mevmolds, |976). 


MeeeesoTEEPNESS, G 


Monochromatic waves 


ore iat H Z H p= wie) meri) iat 

M E g 2 Zz l = wave length 
= 7 De kZ oun ; 
27 T = wave period 


spectrum waves 


G. = ae z Me He = "Sigma cant 
R g Z 2 wave height 
= T Dae 2 
2 Nees is R _ 
Tp = spectral peak 


period 


WAVE AGE (Cin terms of Gp) 


Wave Age aR 

sea PZ ao 
Young Swell 1/40-1/100 
Moderate Swel| L7 100= 1/250 
Old Swell | 7290+ 
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woos ||. Farameter matrix for all wave groups. 


No To/Tp Ve/Ve Hy He Dd. 


DKK 
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GR || Figure 128 ~ 7 - 
Ww 
UO 
2 Vo/Ve 
18) 
mo 
o 
2 
10) 
= 
ay, fH 
= w/ He 
[ 
Al | 
Groups Figure 23A }Figure 25A 
238 |Figure 25B 
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TABLE I!I|. Parameter matrix for extreme wave groups. 
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Woable tvs, statistical Data for No for all wave groups. 
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Pepe |) BeeStot-i steals, Data, or TQ/T. for all wave groups. 
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VARIANCE 


AMPLITUDE — 


Figure 4. 





SHORT-TERM VARIANCE RECORD 


WAVE GROUP BOUNDARIES DETERMINED | 
BY VARIANCE RATIO ALONE 


WAVE GROUP BOUNDARIES DETERMINED 
Gi ALE cal enin 





lltustration of wave group boundary definition. 
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mice 5. Location of Monterey Bay Waverider 
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Figure 6. Example of CEDN graphical spectra 
presentation. 
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Figure 7. Example of CEON tabular spectra presentation. 
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tee eee Xe 
Wy Sie ORD oreclT RAL AND WAVE 
COUP So tadelotacaAl RELATIONS 

fee nc KGROUND 

ime initial objective of this study was to examine sta- 
Tistica!l relationships among wave group and wave record 
Parameters, and the results have been presented in the main 
Text. AS the study progressed, however, it became evident 
That it might be possible to relate group statistics to the 
frequency spectra of the wave records analyzed. Time was a 
Samebeca!l tactor and the analytical methods employed were 
Simple, but the results were very promising and have been 
included in this appendix. The need for amore in-depth 
Study is evident. 

mes) generally Thought that spectra that are unimodal 
or bimodal ‘(one or two main spectral peaks) indicate wave 
means that have traveled from one or Two sources, respec- 
Tively. kine siudy Of Unimodal wave record Spectra, 
iimemmson (1972), Smith (1974), and Sedivy (19/78) have shown 
med ne spectral peak occurs at a certain frequency or 
period in a spectrum because the wave groups contain quasi- 
periodic waves that approximate this period of maximum 
energy density. This seems logical since wave groups may 
Memimought of as packets of energy concentration. In other 
words, wave groups with the most energy compared to the 


Siergy contained in the wave record as a whole (VQ/Ve 





Memeot? Should be responsible for that period marking the 
spectral peak. IT also seems reasonable to expect that 
aside from the main peak of the spectrum, wave groups might 
meeeoy be responsible for subsidiary maxima, including 
bumps, peaks, and other irregularities, that commonly are 
observed in frequency spectra. 

Mii ted Time permitted only a preliminary examination 
of these suppositions, and the results obtained are pre- 
SemeeeasDelow. the results are promising but far from con- 
elusive. More research is needed in this area for 
definitive conclusions to be drawn. 

Pee eA |ONSHIP BETWEEN GROUP STATISTICS 

Spiee TRE FREQUENCY SPECTRUM 

The first area examined was The relationship of average 
wave group periods and their respective Ve/Vp ratios ina 
Meesem record to the frequency spectrum of the record. Ten 
teem ecOords were examined for this relationship. The fre- 


quency spectra were printed out and the TX. and Ve/Vp value 


GC 
meomecach group plotted Thereon. Figure A-I| shows an example. 
eeeeapected, most of the wave groups are seen to fall in 

the area of the spectra! peak although not necessarily on 
The peak itself. An interesting feature of the figure is 
mGmenot a single group falis to the left of The peak. Also 
noteworthy is the fact that those groups with high values of 


relative energy do not necessarily fal! closest to The 


spectral peak period, nor do groups of low relative energy 





mame tne Tails of the curve. The other feature that de- 
Seteves  arrention is that some of the more prominent 
secondary peaks show no wave group falling near their peak 
periods. It is notable that without exception every wave 
record so examined showed similar results. 

in an attempt to determine why the plotted wave groups 
MemmOr bracket the frequency peak as ftogic would dictate, 
four of the digitized wave records were printed out in 
analog form to large scale and hand analyzed. The first 
important observation that was immediately apparent concerned 
The accuracy to which the average wave group period can be 
Smreulatred. the computer, which was constrained by the 
S@ea=second digitizing rate of the data collection system, 
meemacecOrdingly |imited to calculating wave periods To the 
nearest second. The hand analysis method could use inter- 
DBOlatTion and determine wave periods to a tenth of a second. 
mimmee The average group period is an average of The periods 
of the individual waves in the group, it was possible to 
determine To TO an accuracy an order of magnitude better 
meager me computer analysis. With the accuracy of Te thus 
miemeased the spectra and group statistics were replotted as 
Bmewn in Figure A-2. The same problems as before were stil! 
MmepaGent. the positions of the wave groups had al! shifted 
mpantly to the left but their relationship to the spectral 
peak remained unchanged. 


A problem area that became readily apparent was that most 


wave groups contain one or more waves of smaller amplitude, 





and almost without exception also of shorter period, rela- 
meeemero The OTher waves in the group. Figures A-3 and A-4 
show groups with waves radically different from the other 
Meveoe in the group. As wave groups can be thought of in 
menms, OF Not only energy content but also in terms of regu- 
larity of both the height and period of the successive waves 
that comprise the groups, the question arose as to whether 
cmemmenrous waves should be included in a group for sfatisti- 
@aneepurposes. 

ims particular problem arose from using the zero up- 
crossing method that identifies waves solely on The basis of 
the waveform rising (however slightly) above the mean water 
level. Relatively small or insignificant waves would not be 
counted if wave groups were being observed visually. In 
fact, at times, they might not even be seen against the 
random wave field background. lt was Therefore apparent 
mat another restriction needed to be added to the wave group 
ferition. A disqualification factor based on either The 
momar or the period of the subject wave would be logical. 

Using wave period as the basis for disqualification, a 
wave deletion parameter was applied under the following 
Somditions. !f a group contains only two waves neither of 
the two waves would be disqualified. Merncucdinowp as ihimec 
er four waves the shortest period wave, if any, would be 
Meeialitied. Pie iicecnolp cotialnomil Ve BOmnOre Waves Tne 


two shortest period waves would be disqualified. Using The 





more accurate hand-analyzed data, this method of wave dis- 


Peeeliication was applied and T.~ was calculated and was 


G 
Muommed aS before on the power spectrum. The results are 
illustrated in Figure A-5 for the same wave record as shown 


meeeaures A~| and A-2. The results are startlingly differ- 


ent. All wave groups now fall close to and on either side 
of the main spectral peak. The results were similar for 
the other wave records so analyzed. The Vo/Vp values, 


however, again displayed no tendency toward being larger 

as To/Tp approaches one. No wave groups were found to fall 
On or near secondary maxima; however, later analysis showed 
That those waves occurring in the intervals between wave 
groups when systematically analyzed fal! in the Tails of 

The spectrum. These results show that a relationshio 
evidently exists between the quasi-periodic waves constitut- 
ing a group and the peak period of the system, but that the 
methods and definitions used in the machine analysis were 
meomeoarse to spell out this relationship. 

It should be noted that the wave disqualification scheme 
described above and used in the subsequent analyses repre- 
Sentred a first attempt in the interest of time. This is a 
very crude method for wave deletion and more sophisticated 
methods (such as filtering) or definitions would probably 


yield better results. 





SeeeeeeELATIONSHIP BETWEEN INDIVIDUAL WAVES 
mee THE FREQUENCY SPECTRUM 


As mentioned previously, the energy represented in a 
Bevesrecord may be thought of as proportional to the 
poueres Of The heights of the frequency components that are 
Summed linearly to give the observable waves on the sea 
Surface. However, if the wave record is considered to be 
composed of a finite number of components and if each wave 
in the record can be assumed to be representative of one 
Siteinese components, then the energy of the wave record 
May be expected to be proportional to the squares of the 
heights of the waves in the wave record. Data from the 
hand analysis of wave records accomplished previously were 
Coupled with this assumption and the results used to 
Gonstruct a form of an energy density curve. If these 
Beemao-energy curves thus constructed are similar to the 
meeouency spectra for the same wave records, then a 
Statement could be made relating individual waves in a 
wave record to the frequency spectrum. 

The first analysis approach was made by identifying each 
Successive wave in a record as belonging To a wave group or 
to the interval between wave groups. The wave groups were 
Pease identified by the standard Vo/Vp bands specified earlier. 
The heights of the individual waves were squared and plotted 
against the respective frequency. Figure A-6 illustrates 
this analysis for the same wave record shown in Figure A-5 


Mydeseveral earlier figures). This figure is remarkably 


118 





Similar in appearance to the actual spectral density curve 
momeiie Same wave record. This is true with regard to both 
The distribution and magnitude of the energy. Waves belong- 
meomro Wave groups fall within a relatively narrow frequency 
band while waves belonging to intervals between groups, 
termed interval waves, are uniformly distributed over the 
full range of frequencies found in the spectrum. As expected, 
The interval waves are of low energy content while most of 
The group waves are high in energy. This is shown by the 
gradation from interval to group waves from the bottom to 
jmemrop Of the graph. fhe other notable feature of this 
figure is that the high energy waves that comprise the 
higher values around the spectral peak are waves from groups 
with a high Vo/Vp war lo. 

Because this type of analysis its clearly suggesTive of 
eeesopectral energy distribution, another method was employed 
to generate a pseudo-spectrum. This involved summing the 
Squares of the height values and cumulating them over the 
Meier regquency range. Differential values, corresponding 
to the width of the frequency band desired, were read from 
The cumulative curve and represented The amount of energy 
in these bands. Values were then plotted at the midpoint of 
Beem pand and a continuous pseudo-spectral curve generated. 
jmeeresults of this method are shown in Figure A-/. The 


plotted values were obtained from the cumulative curve using 





memeecauency Dandwidth of 0.01 Hz. Curves for bandwidths 
other than 0.0|l HZ were generated, including a bandwidth of 
0.0078 Hz which was used in the computer program to generate 
The actual frequency spectrum. The bandwidth of 0.0! Hz 

was used for several reasons. Shorter bandwidths tended 
memoieve 1OO much irregularity in the pseudo-spectral curve 
while longer bandwidths tended to smooth secondary features 
out entirely. Also, this choice of bandwidth was extremely 
Simple to work with, especially in the initial hand analysis. 
A comparison between the actual spectrum and the pseudo- 
seeoewrum shows that the locations of the main and secondary 
peaks are in close agreement with those of the frequency 
Geemetoution. tthe relative heights between peaks do not 


elosely agree, however. 


ree oUMMARY 

A preliminary analysis of the relationships of wave groups 
and individual waves (both within and without wave groups) 
with the energy density spectrum was performed as a natural 
miedinowth of the wave group statistical analysis. Digital 
ferenmination of the group period from the wave records 
contained accuracy limitations related to the digital sampling 
rate, and anomalous waves within groups (both in period and 
height) were shown to be a possible source of deviation of 
liemaverage group period from the spectral peak period. 


This may explain why To/T. vallics Nie hiemmorlidy rendu, be 


2G 





less than unity and why the TA/Tp distributions found are 
not in close agreement with the results of manual analyses 
of wave groups from previous studies. Indications That 
Seeoups Of high relative energy are responsible for The 
period of the spectral peak were shown, and it was also 
demonstrated that individual waves of large amplitude (and 
energy) contained in these high energy groups appear to be 
iememeractror controlling the spectral peak period. AIso 
shown is the generation of a pseudo-spectrum from a simple 
statistical analysis of individual wave heights that is 


maeeeoimiiar in most respects to the actual energy spectrum. 
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